Abstract The aim of the present study was to assess diversity in the Botryosphaeriaceae on trees and fruit of mango (Mangifera indica L.) in a semi-arid region in northeastern Brazil in which most exported fruit in the country are produced. Using morphological characteristics and DNA sequence data (ITS-1, ITS-2 and 5.8S rDNA) we confirmed the presence of Lasiodiplodia theobromae in the region, and for the first time report Fusicoccum aesculi and Neofusicoccum parvum. L. theobromae was prevalent in the Assú Valley and F. aesculi and N. parvum were in the São Francisco Valley. In fruit inoculations, L. theobromae and N. parvum were more virulent than F. aesculi.
Introduction
Mango (Mangifera indica L.) is an economically important fruit crop in the tropics. In Brazil, the main areas of cultivation are in the semi-arid northeast, in which the São Francisco and Assú Valleys are most important (Fig. 1) . Mangos produced in these areas are mainly for export, primarily to the United States, Japan and countries of the European Union. In 2008, Brazil exported mangos worth approximately US$ 90 million. This crop also plays an important social role, generating over 25,000 direct and 75,000 indirect jobs in the São Franscico Valley alone (Souza et al. 2002) .
Species of the Botryosphaeriaceae family are associated with several host plants, and can act as pathogens, primary or secondary, and endophytes that under stress conditions of the host plant can become pathogenic or saprophytic (Crous et al. 2006; Denman et al. 2000) . In Brazil, as in other countries (Javier-Alva et al. 2009; Al Adawi et al. 2003; Khanzada et al. 2005) , species of the family have become increasingly important problems for mango producers, and are often associated with plants and fruits showing tip dieback and stem-end rot symptoms (Freire et al. 2004; Tavares 2002; Tavares et al. 1991) . Both diseases are caused by a complex of fungi, but those in the Botryosphaeriaceae are most important (Javier-Alva et al. 2009 ; Alis characterized by a progressive drying out of the branches. The disease begins at the tip of the branches, advances towards the trunk and, in more severe cases, can result in the death of the plant (Ribeiro 1997) . Leaves and inflorescences may also be affected (Ribeiro 1997) . Stem-end rot of fruit may develop in the field, as well as after harvest during storage or shipment. Stem-end rot symptoms are dark spots with defined edges on the epidermis of the fruit that emanate from the stem end; the affected areas may split open, exposing the pulp, which becomes soft and watery (Ribeiro 1997) .
The first report of a species in the Botryosphaeriaceae pathogenic to mango in Brazil occurred in 1947 (Batista 1947) . In this study the author investigated the etiology of the disease known as "Seca da Mangueira", caused by Ceratocystis fimbriata (Ribeiro 1997) . At that time, Batista (1947) isolated and confirmed the pathogenicity of a member of the Botryosphaeriaceae family which he called Diplodia recifensis Bat. Given the distinct characteristics of reproductive structures, especially with respect to pigmentation of conidia, it is unlikely that there has been confusion in species identification by Batista. Nearly 50 years later, large-scale death of mango trees was reported in the São Francisco Valley (Tavares et al. 1991) and, since then, the intensity of the disease has increased, leading in some cases to the complete loss of production and elimination of entire orchards (Nogueira et al. 2001; Tavares 2002; Tavares et al. 1991) . In Brazil, both diseases are attributed to the fungus Lasiodiplodia theobromae (Pat.) Griff & Maubl. (Freire et al. 2004; Tavares 2002; Tavares et al. 1991 (Ramos et al. 1997; Khanzada et al. 2004; Ramos et al. 1991; Ploetz et al. 1996) . The latter species have not been reported as pathogens of mango in Brazil but F. aesculi has been associated with other plants in northeastern Brazil (Mendes et al. 1998) .
The morphological identification of species in the Botryosphaeriaceae is based primarily on characteristics of the anamorphs, which are normally found in the field and are easily cultured in vitro (Crous et al. 2006; Denman et al. 2000) . These criteria include the type of conidiogenesis; conidial characters such as pigmentation, number of septa, wall thickness and texture, ornamentation and dimensions; presence of microconidia; and culture characteristics, such as colony colour (Pereira et al. 2006; Crous et al. 2006; Denman et al. 2000) . The teleomorphs are uncommon (Denman et al. 2000; Crous et al. 2006) , and have a limited number of attributes for identifying species (Crous et al. 2006; Denman et al. 2000) .
Since morphological characters sometimes overlap between species and can be variable (Slippers et al. 2005; Ramos et al. 1991 Ramos et al. , 1997 , molecular tools have been utilized to better elucidate the taxonomy and phylogeny of the Botryosphaeria group (Crous et al. 2006; Denman et al. 2000; Ma et al. 2001; Ma and Michailides 2002; Niekerk et al. 2004; Slippers et al. 2004 ). For example, based on morphological and phylogenetic analyses conducted with sequences from the ITS region of the rDNA (ITS1, 5.8S and ITS2), Denman et al. (2000) suggested that all Botryosphaeria anamorphs should be reduced to only two genera: Fusicoccum (hyaline conidia) and Diplodia (pigmented conidia). After studying sequences from the 28S region of the rDNA, Crous et al. (2006) (Crous et al. 2006 ).
Considering the current problem of tip dieback and stem-end rot in Brazil and the importance of developing management programs that are based on the pathogens that occur in the field, morphological and molecular characteristics were used to identify species in the Botryosphaeriaceae that were associated with tip dieback and stem-end rot of mango in the semi-arid region of northeastern Brazil.
Material and methods

Sampling and isolation
During 2006 and 2007, isolates in the Botryosphaeriaceae were obtained from 18 orchards (20 samples per orchard) located in the two major mango-producing regions in northeastern Brazil: São Francisco Valley and Assú Valley (Fig. 1) .
Samples of leaves and panicles with dieback symptoms and fruit with stem-end rot were recovered from the cultivars Tommy Atkins, Kent, Keitt, Van Dyke, Haden, Espada and Palmer. Plant tissue was surface-disinfested in 70% ethanol for 30 s and 1% NaOCl for 1 min, rinsed in sterile distilled water for 30 s, and dried before small pieces of tissue were taken from the margin between necrotic and apparently healthy tissue and plated onto potato dextrose agar (ACUMEDIA). Hyphae growing out from the tissue pieces were subcultured onto fresh PDA. For the experiments, a hyphal tip isolate was obtained for each isolate. Thus, a total of 246 hyphal tip isolates was used. Cultures of the isolates are maintained in the Professora Maria Menezes Phytopathogenic Fungi culture collection of the Universidade Federal Rural de Pernambuco, Recife, Pernambuco, Brazil.
Morphological characterization
Morphometric characteristics of the conidia (dimensions, shape, colour, presence of septa and longitudinal striations) (Slippers et al. 2004 (Slippers et al. , 2005 were recorded. Each isolate was cultured on sterile pine needles on the surface of water agar (WA: Agar, 20 g l
−1
). The dishes were exposed to black light with a 12-h photoperiod at 20-25°C (Slippers et al. 2004 ). On a weekly basis, the dishes were examined for the formation of pycnidia on the needles. When pycnidia were formed, morphological characteristics of 50 conidia per isolate were recorded. Length and width of the conidia were measured using an Olympus BX41 microscope using the Images Plus 2.0 imaging software program (Motic China Group Co., Ltd).
DNA extraction, amplification of the ITS region and phylogenetic analysis
Fourteen isolates that represented different regions, hosts and fungal species were selected for molecular analyses (Table 1) . Extraction of total genomic DNA was performed based on the CTAB protocol (Murray and Thompson 1980) . The ITS 4 and ITS 5 primers (White et al. 1990 ) were used for the amplification of the ITS region (including the 5.8S gene) of the rDNA. PCRs were conducted in a thermalcycler (PTC 100; M. J. Research Company) under the following conditions: initial preheating at 95°C for 120 s, followed by 35 cycles of denatur-ation at 94°C for 60 s, annealing at 60°C for 90 s and extension at 72°C for 120 s, with a final extension step at 72°C for 300 s. PCR products were separated electrophoretically in 0.8% agarose gels and 0.5X Tris-boric acid-EDTA(TBE) buffer, stained with ethidium bromide (0.08 μg ml -1 ) for 10 min, and photographed. PCR products were purified with the High Pure PCR Product Purification Kit (Roche), following the manufacturer's recommendations. Purified products were sequenced in the sense and antisense directions (MegaBACE sequencer) at the Genomics Laboratory of the Instituto de Biotecnologia Aplicada à Agricultura-BIOAGRO of the Universidade Federal de Viçosa (Brazil). Sequences were initially aligned using Clustal X (Thompson et al. 1994) , and adjusted manually when necessary. Sequences from other species in the Botryosphaeriaceae that have been reported as pathogens of mango and other hosts were recovered from GenBank and included in the analyses ( Table 1 ). Sequences that were generated in the present study were trimmed to the length of those in a Sequence numbers in italics were obtained from the GenBank public database. All others were obtained in the study GenBank prior to analyses. Maximum Parsimony (MP) and Maximum Likelihood (ML) phylogenetic analyses were conducted with the PAUP (v.4.0b10; Sinauer Associates) and GARLI (Zwickl 2006) programs for Macintosh, respectively. In both analyses, Bionectria sp. was used as outgroup, as reported elsewhere (Slippers et al. 2005) . Heuristic searches for MP were performed with the addition of 100 random repetitions and the rearrangement of the branches was obtained using the tree-bisectionreconnection (TBR) method, saving a maximum of 10,000 trees; all characters were non-rooted, with equal weights, and the gaps were treated as missing data. Branches with a length of zero were eliminated and all equally parsimonious trees were saved. For the ML analyses, the best evolution model for each locus was obtained using the Modeltest v.3.06 program (Posada and Crandall 1998) .
Clade support was calculated with the nonparametric bootstrap method and 1,000 replicates for MP and 100 replicates for ML. For ML, tree length, consistency index (CI) and retention index (RI) were also obtained. For the ML tree, the best evolution model was also obtained. The resulting trees were printed in PAUP. ITS sequences from the present study were deposited in GenBank (Table 1) .
Pathogenicity, virulence and host associations
Pathogenicity was assessed for 246 isolates that were evaluated morphometrically. 'Tommy Atkins' fruit were washed with soap and water, surface disinfested by immersion in 1.5% NaOCl for 5 min and rinsed in distilled water. Each fruit was then perforated at four equidistant points to a depth of 3 mm with disinfested pins. Fruit were inoculated by placing over each perforation a 5-mm-diameter PDA disk taken from the edge of 7-day old colonies of a given isolate, and noncolonized PDA disks were used in the control treatment. A completely randomized design was used, wherein isolates were replicated on two fruit and the four inoculation points were repeated observations. Treated fruit were incubated at 25°C with a 12-h photoperiod and near 100% relative humidity. After 72 h, the presence or absence of symptoms was visually inspected. In the control treatment, lesions were restricted to the injured area at the time of deposition of PDA discs. Isolates were considered pathogenic when the injured area advanced beyond the 5-mm diameter initial injury.
The virulence of 14 isolates that were used in the phylogenetic analyses was evaluated as above, except that treatments were replicated four times. Mean diameters for treatments were separated with the non-parametric Mann-Whitney test (P=0.05) and the SAS 8.0 program (SAS Institute Inc.). Chisquare analyses were used to assess relationships between cultivars and organs, species and regions, and species and organs.
Results
Isolates and morphological characterization
A total of 246 hyphal tip isolates was evaluated morphometrically. Pycnidia and conidia developed on pine needles after 1-4 weeks. The isolates were separated into three groups and identified as: Fusicoccum aesculi (B. dothidea) (75 isolates), characterized by hyaline, thin-walled, spindleshaped conidia with no septa, measuring 22.1× 5.1 μm [length/width ratio (L/W)=4.3] (Fig. 2a,  Table 2 ); N. parvum (79 isolates), which differs from F. aesculi only in the conidial dimensions, 15.9× 5.2 μm (L/W= 3.3) (Fig. 2b, Table 2 ); and L. theobromae (92 isolates), characterized by brown, thick-walled mature conidia, with longitudinal striations, measuring 23.9×13.5 μm (L/W=1.7) (Fig. 2c , Table 2 ). No teleomorph was observed for any isolate during the study.
The three species were found in both study regions, but their relative prevalence differed in each. In the São Francisco Valley, F. aesculi and N. parvum were more prevalent than L. theobromae, whereas L. theobromae was the predominant species in the Assú Valley (P=0.05) (Figs. 1 and 3a) . Species recovery also differed on the different mango cultivars (P= 0.05): only F. aesculi was associated with all that were examined; N. parvum was isolated from Tommy Atkins, Van Dyke, Haden, Kent and Keitt; and L. theobromae was only isolated from Tommy Atkins (Fig. 3c ). Plant organ also had a significant impact: F. aesculi was the only species that was found on all organs, whereas N. parvum was never isolated from panicles and L. theobromae was only isolated from branches and fruit (P=0.05; Fig. 3b ). Although species in the Botryosphaeriaceae predominated in dieback and stem-end rot isolations, 38.5% of the samples yielded other fungi, including Pestalotiopsis sp., Cladosporium sp., Alternaria sp., Phomopsis sp., Nigrospora sp., Curvularia sp., Colletotrichum sp., Chaetomium sp., Chaetophoma sp., Stemphylium sp. and Bipolaris sp.
Phylogenetic analysis of isolates in the Botryosphaeriaceae
A matrix of 30 taxa and 598 characters was constructed. A total of 182 characters was variable and 63 were parsimony informative. For the MP analysis, heuristic searches found 10,000 equally parsimonious trees (tree length=228, CI=0.904, RI =0.957; Fig. 4) . For the ML analysis, the best nucleotide substitution model using both the Akaike test and hierarchical likelihood was TIMef + G; a single tree with score −1699.59 was obtained. Results did not differ with the different analytical methods.
The phylogenetic tree inferred from the ITS region revealed four species-specific clades with a bootstrap support greater than 91% and 64% for the MP and ML analyses, respectively. Clade I was composed of N. mangiferum, Clade II of L. theobromae, Clade III of F. Aesculi/B. dothidea, and Clade IV of N. parvum (Fig. 4) . On the ML tree, ML/ MP bootstrap values are listed at nodes; isolates collected in the present study are distributed among Clades II, III and IV (Fig. 4) .
The L. theobromae isolates formed a strongly supported clade with bootstrap values of 100% (Fig. 4) . The Brazilian isolates of L. theobromae were similar to, and grouped with, isolates from Uganda and Mexico, even though the latter isolates were obtained from Vitex donniana and Pinus sp. (Clade II). Isolates of F. aesculi grouped with those from Australia that were obtained from mango, as well as Fraxinus excelsior and Prunus sp. (Clade III), and those of N. parvum also grouped with those from an Australian mango, as well as other hosts (Clade IV) ( Fig. 4; Table 1 ). Within a given species, minor differences were observed among the Brazilian isolates: those of L. theobromae differed at four bp, F. aesculi at six bp, and N. parvum at two bp. The identity of the ITS sequences of the Brazilian isolates with those deposited in Gen Bank ranged from 98% to 100%, 97% to 100% and 98% to 100% for L. theobromae, F. aesculi and N. parvum, respectively. The MP and ML analyses produced nearly identical topologies (tree not Fig. 2 Morphology of conidia from species of Botryosphaeriaceae associated with mango trees in northeastern Brazil. a Fusicoccum aesculi (isolate CMM1327): conidia hyaline, thin wall, spindleshaped, with no septa; b Neofusicoccum parvum (CMM1317): conidia hyaline, thin wall, spindle-shaped to ellipsoid, with no septa; c Lasiodiplodia theobromae (CMM1485): mature conidia mature, thick-walled, dark-brown colouration, longitudinal stripes, young conidia thick-walled and hyaline. Photos taken with ×100 magnification (immersion oil) from fructification bodies (pycnidia) formed on pine needles in agar-agar medium. Bar=10 μm shown). The only differences between the data analysis methods were changes in the positions of some isolates within each clade.
Pathogenicity and virulence tests
Although all isolates of L. theobromae were pathogenic, 13% of the isolates of F. aesculi and 7.6% of the isolates of N. parvum were nonpathogenic (data not shown). There were significant (P=0.05) differences in virulence among the species, wherein L.
theobromae was most virulent and N. parvum was more virulent than F. aesculi (Fig. 5) . Minor, but significant, differences in virulence also occurred among some of the isolates of L. theobromae (Fig. 5) .
Discussion
The present study is the first survey of species of the Botryosphaeriaceae that are associated with tip dieback and stem-end rot in mango in the semiarid The characteristic, striate conidia of L. theobromae enable relatively easy identification of this species. Additionally, the presence of septum-free paraphases allows L. theobromae to be distinguished from other Lasiodiplodia spp. (Burgess et al. 2006) . F. aesculi and N. parvum were less distinct, due to their overlapping conidial shapes and colours. However, there were more distinct differences in conidium L/W ratios, which ranged from 1.24 to 1.4 for F. aesculi and was 2.4 for N. parvum (Table 2) .
The phylogenetic analyses confirmed the morphometric identifications. As reported in previous studies (Slippers et al. 2004 (Slippers et al. , 2005 , isolates of L. theobromae, F. aesculi and N. parvum formed distinct clades. Their presence on different cultivars and mango organs and induction of symptoms on artificially inoculated fruit indicate that they are associated with mango diseases in the northeast region. F. aesculi and N. parvum are reported for the first time on mango in Brazil. Both species have been reported in other mango-producing regions of the world, and cause different symptoms with varying severities (Ploetz et al. 1996; Ramos et al. 1991; Khanzada et al. 2004 ). This raises the plausible question as to whether they are responsible for the important increase in dieback in mango trees in Brazil, which has been attributed to only L. theobromae (Freire et al. 2004; Tavares 2002; Tavares et al. 1991 ). However, due to the results obtained by inoculation on fruits, more studies are needed to investigate this possibility.
Others have examined the pathogenicity and virulence of species of Botryosphaeriaceae on mango (Khanzada et al. 2004; Ploetz et al. 1996; Ramos et al. 1991) . For example, in studies carried out with seedlings inoculated with isolates originating from Florida (USA), B. ribis was found to be five-fold more effective in causing dieback than L. theobromae (Ramos et al. 1991) . In Australia, the most common pathogen is N. parvum, which apparently causes huge losses (Slippers et al. 2005) . F. aesculi and N. parvum predominate in the São Francisco Valley from which most reports of severe disease come (Tavares 2002; Tavares et al. 1991) . In contrast, 84% of the isolates obtained from the Assú Valley were L. theobromae (Fig. 1) . Although L. theobromae was most virulent on fruit, it and the other species were not tested on other mango organs in this study. Thus, additional work is needed to evaluate the importance of these species as causal agents of dieback in the study areas.
Differential susceptibility of the host cultivars does not explain the distribution of the species between the regions. The isolates analyzed were obtained from seven cultivars; in the Assú Valley, all the sampled orchards were planted with 'Tommy Atkins'. The association of L. theobromae was only found in trees Fig. 5 Mean lesion diameter (mm) 72 h after inoculation of isolates from three species of Botryosphaeriaceae in mango fruit. Mean values followed by the same letter do not differ between one another (Mann-Whitney; P=0.05). Vertical lines represent the standard error of the means of this cultivar, which may lead to the association of the low frequency of this species in the São Francisco Valley because of no sampling was done in orchards planted with other cultivars. However, taking into consideration only the isolates obtained from 'Tommy Atkins' in both regions, the prevalence of L. theobromae in the São Francisco Valley was low, with a frequency of association of 38%, 33% and 29% for F. aesculi, N. parvum and L. theobromae, respectively (data not shown). Another relevant factor is that 'Tommy Atkins' is widely grown in both regions, which makes one consider whether the distribution data in the present study is representative of what occurs in the field.
The present study revealed the association of three species of Botryosphaeriaceae (L. theobromae, F. aesculi and N. parvum) associated with mango trees and fruit with symptoms of dieback and stem-end rot in the semi-arid region of northeastern Brazil. The distribution of the species differed between the two sampling regions, with F. aesculi and N. parvum predominant in the São Francisco Valley, whereas L. theobromae predominated in the Assú Valley. Although all three species were capable of causing peduncle rot in mangos, the degree of intensity of the symptoms varied between species as well as between isolates of a species. Considering the possibility that F. aesculi and N. parvum may be endophytic in mango trees in field conditions, a further series of studies will be conducted.
